Introduction
Although osteosarcomas have been treated with chemotherapy for over 30 years, patients with recurrent or metastatic osteosarcomas still have very poor prognosis (1) (2) (3) . Finding new strategies to treat recurrent or and metastatic osteosarcoma remains an important but unmet clinical need. Recently, several important studies have focused on the impact of microRNAs (miRNAs, miRs) on tumorigenesis and cancer progression (4) (5) (6) . miRs are a class of small noncoding, single-stranded endogenous RNA fragments containing 19 to 25 nucleotides (nt) in length that repress translation and cleaves mRNA by base-pairing to the 3' untranslated region (UTR) of the target gene. In a variety of cancers, miR expression is significantly altered, and this has potential to be a prominent diagnostic and prognostic tool (7) . Elucidating the function of miRs in tumor pathogenesis and progression is important as they may play critical roles in the regulation of genes involved in controlling the development, proliferation/differentiation, apoptosis and drug resistance of tumor cells (8) . Several studies have found that specific miR expression contribute to tumor growth, progression, metastasis, and drug resistance (7) (8) (9) (10) (11) .
However, not much is known about the expression and deregulation of miRs in osteosarcoma.
In this study, miR expression profiles in osteosarcoma cell lines were compared with osteoblast cell lines, leading us to identify a subset of miRs that are deregulated in osteosarcoma.
In turn, these miRs may be involved in the pathogenesis of the tumor by possibly acting as tumor suppressor genes or oncogenes. Specifically, we demonstrate that miR-199a-3p expression is significantly decreased in human osteosarcoma cell lines and the overexpression of miR-199a-3p
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Author Manuscript Published OnlineFirst on June 10, 2011; DOI: 10.1158/1535-7163. leads to inhibition of cell migration and cell growth, increase of G1-phase cell population, and down-regulation of a number of oncogenes such as Met, mTOR and Stat3.
Materials and Methods

Human osteoblasts cell lines culture
Human osteoblast cell lines HOB-c (OB1) were purchased from PromoCell GmbH 
Human osteosarcoma cell lines culture
The human osteosarcoma cell line KHOS (OS1) was kindly provided by Dr. Efstathios Gonos (Institute of Biological Research & Biotechnology, Athens, Greece), and U-2OS (OS2) and Saos (OS3) were purchased from the ATCC (purchased in 2006) and these cell lines were not reauthenticated prior to use in these experiments. These cell lines were cultured in RPMI 1640 (Invitrogen) supplemented with 10% FBS, 100-units/ml penicillin and 100μg/ml streptomycin (Invitrogen). Cells were incubated at 37°C in 5% CO 2 -95% air atmosphere and passaged every 2 to 3 days. 
Human sarcoma tissues
Twelve of the osteosarcoma tissue samples (OT1 to OT12) were obtained from Massachusetts General Hospital sarcoma tissue bank and were used in accordance with the policies of the institutional review board (IRB) of the hospital. All diagnoses were confirmed by light microscopy and immunohistochemistry.
Isolation of miRs
Total RNA was extracted from osteoblast and osteosarcoma cell lines and from frozen tissue samples using miRNANeasy Mini Kit (Qiagen GmbH, Hilden, Germany) by following the manufacturer's instructions. The purity and quantity of the isolated small RNAs were assessed using 1% formaldehyde-agarose gel electrophoresis and by spectrophotometer measurement (Beckman). The RNA samples were submitted to LC Sciences (Houston, TX) for further analysis by Agilent Bioanalyzer (criteria, 28S/18S > 1 and RIN > 5).
Quantitative μParaflo™ miR microarray assay miR microarray assay was performed using a service provider (LC Sciences). The assay started from 5 μg total RNA sample, which was size fractionated using a YM-100 Microcon centrifugal filter (Millipore, Billerica, MA), and the small RNAs (< 300 nucleotides) isolated were 3'-extended with a poly(A) tail using poly(A) polymerase. An oligonucleotide tag was then ligated to the poly (A) tail for later fluorescent dye staining; two different tags were used for the two RNA samples in dual-sample experiments. Hybridization was performed overnight on a μParaflo microfluidic chip (miRHuman_13.0) using a micro-circulation pump (Atactic hybridization melting temperatures were balanced by chemical modifications of the detection probes. Hybridization used 100 μL 6xSSPE buffer (0.90 M NaCl, 60 mM Na 2 HPO 4 , 6 mM EDTA, pH 6.8) containing 25% formamide at 34 °C. After RNA hybridization, tag-conjugating Cy3 and Cy5 dyes were circulated through the microfluidic chip for dye staining. Fluorescence images were collected using a laser scanner (GenePix 4000B, Molecular Devices, Sunnyvale, CA) and digitized using Array-Pro image analysis software (Media Cybernetics, Silver Spring, MD).
Hierarchical cluster analysis
Multiple sample analysis involves normalization, data adjustment, t-Test, and clustering.
Normalization is carried out using a cyclic LOWESS (Locally-weighted Regression) method.
The normalization is to remove system-related variations, such as sample amount variations, different labeling dyes, and signal gain differences of scanners so that biological variations can be accurately revealed. The Log2 transformation converts intensity values into a Log2 scale.
Gene centering and normalization transform the Log2 values using the mean and the standard deviation of individual genes across all samples using the following formula: Value = [(Value) -
For hierarchical cluster analysis, the clustering was done using a hierarchical method and performed with average linkage and Euclidean distance metric. All data processes, except the clustering plot, were carried out using in-house (LC Sciences) developed computer programs. The clustering plot was generated using TIGR MeV (Multiple Experimental Viewer) software from The Institute for Genomic Research.
Statistical analysis
For statistical analysis of microarray data, a t-Test was performed between the "control"
and "test" sample groups. T-values were calculated for each miR, and p-values were computed from the theoretical t-distribution. miRs with p-values below a critical p-value (typically 0.01) were selected for cluster analysis.
Taq Man reverse transcription-PCR (RT-PCR) for quantification of miR-199a-3p and miR-151-3p
Real-time RT-PCR was performed to validate differentially expressed miRNAs. For mature miR-199a-3p and miR-151-3p detection, cDNA reverse transcription was performed from total RNA samples using specific miR primers from the Taq Man MicroRNA Assays and reagents from the TaqMan MicroRNA Reverse Transcription kit (Applied Biosystems). The resulting cDNA was amplified by PCR using Taq Man miR-199a-3p and miR-151-3p
MicroRNA Assay primers with the Taq Man Universal PCR Master Mix and analyzed with a
StepOnePlus Real time PCR System (Applied Biosystems) according to the manufacturer's instructions. RNU48 miRNA (RNU48 miR) was used as a control because RNU48 is one of the most highly abundant and relatively stable expression miRs across the human tissue, and is considered a good candidate for endogenous control. The relative levels of miR-199a-3p and miR-151-3p expression were calculated from the relevant signals by normalization with the signal for RNU48 miR expression. PCR reaction mixtures contained Taq Man human miR199a-3p and miR-151-3p and Universal PCR Master Mix in a total volume of 20 μl. Cycling variables were as follows: 95ºC for 10 min followed by 40 cycles at 95ºC (15s) and annealing/extension at 60ºC (1 min). All reactions were performed in triplicate.
miR-199a-3p precusor transfection
The miR-199a-3p precursor, miRNASelect™ pEP-miR-199A-1, was purchased from 
Western blot analysis
Total protein from osteoblast and osteosarcoma cell lines and tissues was extracted by 1X RIPA lysis buffer (Upstate Biotechnology, Charlottesville, VA). Protein concentration was determined by the DC Protein Assay (Bio-Rad). The human Met (hepatocyte growth factor receptor), mTOR, Smad1, Stat3, MCL-1 and Bcl-X L antibodies were purchased from Cell Signaling (Dedham, MA). The mouse monoclonal antibody to human actin was purchased from Sigma-Aldrich. Western blot analysis was performed as previously described (14) .
Cell migration assay
Effects of over expression of miR-199a-3p on osteosarcoma cell migration were 
Cell proliferation assay
The miR-199a-3p precursor transfected cells (4,000 cells per well) were plated in 96-well plates and incubated in RPMI 1640 containing 10% FBS. After 24 h, 48 h, 72 h and 96 h of culture, 10 ȝl of MTT (5 mg/ml in PBS, purchased from Sigma) was added to each well and the plates were incubated for 4 h (18-21). The resulting formazan product was dissolved with acidisopropanol, and the absorbance at a wavelength of 490 nm (A 490 ) was read on a SPECTRAmax® Microplate Spectrophotometer. Experiments were performed in triplicate. Cell growth curves were fitted with use of GraphPad PRISM® 4 software.
Cell cycle flow cytometry assay
The miR-199a-3p transfected osteosarcoma cell lines KHOS, U-2OS and Saos stable clones were established as described above. Cells were cultured in a normal growth medium 
Results
Identification of altered expression of miRNAs between osteosarcoma cell lines and osteoblast cell lines
To investigate the expression profiles of miRs in osteosarcoma and osteoblast cell lines, global miR expression levels were measured using μParaflo™ miRNA microarray assay containing 875 unique mature miRs probes. We identified several miRs with expression levels that differed significantly between osteosarcoma and osteoblast cell lines. When we measured miR expression levels in osteosarcoma cell lines, the miRs that met the filtering criteria were analyzed by hierarchical clustering among the three osteoblast cell lines in an unsupervised manner. The clustering algorithm grouped both miRs and samples into clusters based on overall similarity in miR expression pattern without prior knowledge of sample identity. We found that osteoblast cell lines and osteosarcoma cell lines clustered separately as distinct miR expression profiles. We observed significantly reduced expression of miR-199a-3p, miR-127-3p, and miR376c and significantly increased expression of miR-151-3p and miR-191 in osteosarcoma cell lines. In total, 26 miRs were differentially expressed between the two groups of cell lines at a level of p value<0.05 (Fig. 1) . The top eight downregulated and up-regulated miRs are listed in Table 1 and Table 2 . 
Confirmatory studies with differentially expressed miRs by TaqMan Real-time PCR
We selected two of the most significant candidates for further confirmatory studies. miRs identified by miR microarray analysis were re-measured by real-time RT-PCR. First, the expression levels of miR-199a-3p and miR-151-3p in osteosarcoma and osteoblast cell lines were re-measured and we confirmed that miR-199a-3p is significantly decreased in osteosarcoma cell lines while miR-151-3p expression increased.
miR-199a-3p expression is decreased in osteosarcoma tumor tissues
We then focused on miR-199a-3p because it was decreased mostly in osteosarcoma cell lines and was ranked highest among miRs expressed in osteoblast cells (Table 1) . To determine the expression of miR-199a-3p expression in osteosarcoma tissues, we measured miR-199a-3p expression levels in twelve cases of osteosarcoma tissue samples (OT1 to OT12) by TaqMan Real-time PCR. We observed that miR-199a-3p is not significantly decreased in these osteosarcoma tissues when compared with normal muscle tissues (NM1 and NM2) and osteoblast cells (Fig. 2A) . These results are also consistent with previous studies that have shown decreased expression of miR-199a-3p in liver, bladder and ovarian cancer (22) (23) (24) , suggesting that decreased miR-199a-3p levels are not tumor type specific.
Established miR-199-3p overexpressing stable cell lines
To determine the functional role of miR-199a-3p in osteosarcoma, we stably transfected either miR-199a-3p precursor in a vector containing red fluorescence protein (RFP) or control vector with RFP into KHOS and U-2OS osteosarcoma cell lines. Successful transfections were selected with puromycin, and then further selected with red fluorescence to obtain stable clones.
We confirmed by Real-time RT-PCR that miR-199a-3p was highly expressed in puromycin (Fig. 2B) .
miR-199a-3p suppresses mTOR, Met and Stat3 expression
To establish the effects of reduced miR-199a-3p expression on target genes in osteosarcoma, we measured the protein levels of the miR-199a-3p targeted genes, Met and mTOR (25) . First, we measured mTOR,Stat3 and Met expression levels in the normal osteoblast cell lines and compared them to levels in osteosarcoma cell lines. To assess whether miR-1999a-3p directly alters the expression of Met and mTOR in osteosarcoma cell lines, we measured Met and mTOR levels in osteosarcoma cell lines transfected with pre-miR-199a-3p. The Western blot results show that miR-199a-3p transfection decreases Met and mTOR expression levels in KHOS and U-2OS cells (Fig. 3) . Furthermore, Stat3, MCL-1 and Bcl-X L protein levels were also decreased in miR-199-3p transfected cells (Fig. 3) .
miR-199a-3p inhibits osteosarcoma cell migration and proliferation
To assess the phenotype of miR-199a-3p expression in the growth of osteosarcoma cell lines, cell migration and proliferation in miR-199a-3p stable transfected cells were compared with untransfected cells and cells transfected with empty control vector. We observed a significant decrease in the number of cell migrations in both KHOS and U-2OS cell lines transfected with miR-199a-3p (Fig.4A and Fig. 4B ). Furthermore, overexpression of miR-199a-3p also decreased cell viability and inhibited the growth and proliferation of osteosarcoma cell lines (Fig. 4C) .
Effect of miR-199a-3p expression on cell cycle distribution in osteosarcoma cell lines
To characterize the effects of miR-199a-3p expression in cell cycle regulation, miR-199a-3p transfected osteosarcoma cell lines were analyzed by flow cytometry. We observed a significant increase in the G1-phase cell population (40.8 % vs. 49.0 % in KHOS and 40.4 % vs. 55.2 % in U-2OS); and a decrease of S-phase (43.4 % vs. 33.4 % in KHOS and 38.6 % vs. 28.6 % in U-2OS) after transfection of miR-199a-3p in both KHOS and U-2OS, whereas, the empty vector miR-Null transfectants exhibited no cell cycle changes ( Figure 5 ).
Discussion
The current study identified 26 miRs with expression levels that were decreased or increased in osteosarcoma cell lines as compared to osteoblast cell lines. Among them, miR199a-3p, miR-127-3p, and miR-376c were continuously decreased in osteosarcoma cell lines, while miR-151-3p and miR-191 were increased in osteosarcoma cell lines. Real-time RT-PCR confirmed that these miRs were differentially expressed in osteosarcoma cell lines and osteosarcoma tissues when compared to osteoblast cell lines. Specifically, miR-199a-3p, a miR previously reported to be decreased in liver, bladder, and ovarian cancer (22) (23) (24) , decreased significantly in osteosarcoma tissue samples in this study. These studies suggest that miR-199a-3p may be part play a role in the pathogenesis of a variety of cancers, including osteosarcoma.
A functional analysis of these miRs may lead to better understanding of the mechanisms by which miRs mediate proliferation and transformation. We show that miR-199a-3p decreases the expression of several oncogenes and antiapoptotic genes, including Met and mTOR, as well as Stat3, MCL-1 and Bcl-X L . These results are consistent with several studies that have suggested that miR-199a-3p is a potential tumor suppressor (24) (25) (26) (27) . First, the expression of miR-199a-3p is decreased in all proliferating cell lines tested except for fibroblasts. Second, introduction of the miR-199a-3p precursor induced apoptosis in cancer cells. Third, miR-199a-3p downregulates both Met proto-oncogenes and ERK2 (25, 28) . In support of our finding that on June 20, 2017. © 2011 American Association for Cancer Research. mct.aacrjournals.org Downloaded from miR-199a-3p functions as a tumor suppressor, it was recently reported that expression of miR199a-3p was significantly reduced in ovarian, liver, breast, bladder and liver cancer when compared with normal tissues (22-24, 26, 29) . We also found that the level of anti-apoptotic protein MCL-1 and Bcl-X L decreased significantly in cells transfected with miR-199a-3p. In fact, anti-apoptotic factors such as MCL-1 and BCL-X L are overexpressed in a variety of human tumors, including osteosarcoma, and down-regulation by siRNA does indeed inhibit cell growth and induced apoptosis (30, 31) .
We found that miR-199a-3p expression had a significant effect on osteosarcoma cell growth in vitro. Overexpression of miR-199a-3p by transfection significantly decreased osteosarcoma cell growth and migration. This growth suppressive effect is associated with an increase in G1-phase population and a decrease of the S-phase followed by restoration in miR199a-3p expression. Similar effects on cellular proliferation rate and cell cycle distribution after miR-199a-3p overexpression has previously been described for liver cancer and bladder cancer cells (22, 24, 26) . A decreased level of Met, mTOR and Stat3 upon miR-199a-3p overexpression is in concordance with a reduced cellular proliferation rate. Interestingly, miR-199a-3p was reported to regulate mTOR and Met to influence the doxorubicin sensitivity in liver cancer cells (26) . This study also demonstrated an inverse correlation between miR-199a-3p and mTOR levels in human liver cancer tissues (26) . These results suggest that deregulation of miR-199a-3p expression is not tumor type specific.
In summary, our study identified that there is decreased expression of miR-199a-3p in osteosarcoma and that miR-199a-3p showed tumor suppressive abilities in vitro by affecting 
